To understand why the classical two-state allosteric model of Monod, Wyman, and Changeux explains cooperative oxygen binding by hemoglobin but does not explain changes in oxygen affinity by allosteric inhibitors, we have investigated the kinetic properties of unstable conformations transiently trapped by encapsulation in silica gels. Conformational trapping reveals that after nanosecond photodissociation of carbon monoxide a large fraction of the subunits of the T quaternary structure has kinetic properties almost identical to those of subunits of the R quaternary structure. Addition of allosteric inhibitors reduces both the fraction of R-like subunits and the oxygen affinity of the T quaternary structure. These kinetic and equilibrium results are readily explained by a recently proposed generalization of the Monod-Wyman-Changeux model in which a preequilibrium between two functionally different tertiary, rather than quaternary, conformations plays the central role.
T
he two-state allosteric model of Monod, Wyman, and Changeux (1) represented a conceptual breakthrough in explaining the cooperative and regulated behavior of multisubunit proteins, with application to a wide range of biological systems (2) (3) (4) (5) . Monod, Wyman, and Changeux proposed that ligands control protein function by altering a preexisting equilibrium between high (R) and low (T) reactivity conformations that differ in intersubunit bonding (quaternary structure) and not by inducing conformational changes that are propagated to neighboring subunits as in a sequential model (6, 7) . Enzyme activation, for example, results from preferential binding of ligands to the R quaternary structure, whereas inhibitors preferentially bind to T. However, a long-known serious deficiency in the application of the Monod-Wyman-Changeux (MWC) model to hemoglobin, the paradigm of allosteric proteins, is that inhibitors may also change oxygen (O 2 ) affinity without a change in quaternary structure (8) (9) (10) (11) . To understand this phenomenon, we have investigated the ligand binding kinetics and equilibria of hemoglobin encapsulated in silica gels in either the T or R quaternary structure (Fig. 1) .
Previous studies of hemoglobin encapsulated in silica gels showed greatly simplified equilibrium properties, compared with those in solution, because quaternary conformational changes are markedly slowed by the constraints of the surrounding cross-linked polymer (12) (13) (14) (15) (16) . In sharp contrast to hemoglobin free in solution, O 2 binding to gel-encapsulated hemoglobin, like O 2 binding to the hemoglobin crystal (17) (18) (19) , is noncooperative (Fig. 2) . Encapsulation as the fully deoxygenated molecule traps hemoglobin in the low-affinity T quaternary structure, whereas encapsulation as the fully oxygenated molecule traps hemoglobin in the high-affinity R structure (12) . Moreover, the affinity of the deoxy-encapsulated molecule is lowered by inhibitor ligands (called negative heterotropic allosteric effectors) such as protons, chloride ions, inositol hexaphosphate, and bezafibrate ( Fig. 2) in the same way as found for the T quaternary structure in solution (13, 15) . The finding of noncooperative binding in both the R and T quaternary structures confirms the fundamental prediction of the MWC model that cooperativity arises from a shift in the population from T to R as successive molecules of O 2 (the homotropic ligand) bind and not from direct subunitsubunit interactions as in a sequential model (20, 21 ) (see Supporting Text, which is published as supporting information on the PNAS web site). However, according to the MWC model, heterotropic effectors lower O 2 affinity by preferential binding to the T quaternary structure and do not affect the affinity of either T or R, in contrast to experimental observations (8) (9) (10) (11) 22) .
The O 2 binding experiments suggested that if encapsulation also traps the CO complex of hemoglobin in the T quaternary structure, it should be possible to use ligand rebinding kinetics after photolysis (23, 24) to probe more deeply into the origin of the alteration in the affinity of the T quaternary structure. We therefore studied the nanosecond-to-millisecond CO rebinding kinetics of hemoglobin encapsulated in silica gels under different conditions. To trap the T quaternary structure, the fully deoxygenated molecule was encapsulated in the gel in the presence or in the absence of allosteric effectors. Then, CO was added after the gel was fully formed. To study the R quaternary structure, CO was added before encapsulation. Oxygen-binding curves were also measured for encapsulated deoxyhemoglobin (without addition of CO) to compare the O 2 affinity and kinetics under the same conditions.
Materials and Methods
Sample Preparation. Human hemoglobin was purified as described in ref. 18 . Encapsulation of deoxyhemoglobin in silica gels was performed with a slight modification of the protocol reported by Bruno et al. (15) in the presence and absence of allosteric effectors. For gels, which we call T Ϫ , a solution containing 10 mM Hepes͞1 mM EDTA (pH 6.2) was added to an equal volume of tetramethyl orthosilicate and vortexed for a few minutes. The mixture was then deoxygenated by bubbling humidified helium for 90 min at 4°C. A solution containing 1.0% (wt/vol) deoxyhemoglobin A, 10 mM Hepes, 30 mM sodium dithionite, and 1 mM EDTA (pH 6.2) was added. The final hemoglobin concentration was Ϸ300 M in heme. Gelification occurred in Ϸ10 min at room temperature. When the gel was formed, a solution containing 100 mM Hepes (at different pHs between 6.6 and 7.6), 30 mM sodium dithionite, and 1 mM EDTA was layered on it. The protocol for what we call T ϩ gels was the same except that before gelification allosteric effectors were added to produce a final concentration of 10 mM inositol hexaphosphate, 2 mM bezafibrate, and 0.2 M chloride ions in all solutions. Gels were inserted in a 1 ϫ 1-cm gas-tight cuvette filled with a solution equilibrated with 1 atm CO (1 atm ϭ 101.3 kPa).
Equilibrium and Kinetic Measurements. O 2 -binding curves were measured by using a microspectrophotometer (Zeiss) and O 2 electrode (Yelow Springs Instruments) as described in refs. 13 and 15. For the kinetic studies, photolysis was carried out with the second harmonic (532 nm) of a Q-switched Nd:YAG laser (Continuum, Santa Clara, CA), with the 488-nm line of an Ar ϩ laser (Uniphase, San Jose, CA) as a probe source and an avalanche photodiode (Hamamatsu, Middlesex, NJ) for detection. The instrument is described in detail in ref. 25 . All equilibrium and kinetic measurements were carried out at 15°C.
Results and Discussion
The rebinding kinetics of hemoglobin encapsulated as the CO complex, and therefore in the R quaternary structure, is shown in Fig. 3a . The kinetics are very similar to what is expected from solution studies (26, 27) , with two major phases: a largeamplitude phase (Ϸ50%) at Ϸ100 ns, corresponding to rebinding of ligands that have returned to the same heme from which they were photodissociated (geminate rebinding), followed by bimolecular rebinding at Ϸ100 s (Fig. 3a) . Because the gel has prevented the R-to-T quaternary change, there is no slower bimolecular phase, as observed in solution, corresponding to rebinding to molecules that have switched from the R to the T quaternary structure (26, 27) . Importantly, identical kinetic progress curves are observed over the entire pH range of 6.6-7.6 ( Fig. 3a) .
When encapsulation was carried out in the deoxy form in the presence of the allosteric effectors inositol hexaphosphate and bezafibrate (T ϩ molecules) and followed by the addition of CO, the kinetics were again very similar to what was expected for hemoglobin in the T quaternary structure from studies on molecules free in solution (28) . There is no geminate phase (Ͻ1%) and only a single bimolecular phase at Ϸ10 ms (Fig. 3a) . As with R-encapsulated hemoglobin, the kinetics for the T ϩ gels are independent of pH.
The surprise came with measurements on molecules encapsulated as deoxy in the absence of any allosteric effectors or in the presence of chloride, which is a weaker allosteric effector (T Ϫ molecules) (Fig. 3b ). Although these molecules are assumed to remain in the T quaternary structure, the time course of ligand rebinding looks very much like a mixture of R and T ϩ kinetics, with a substantial geminate phase and both rapid and slow bimolecular phases. Remarkably, the T Ϫ curve is closely reproduced under all conditions with a simple linear combination of R and T ϩ progress curves (Fig. 3a) . That is, there is no change in any of the relaxation rates, only in the relative proportions of R and T ϩ (see Table 1 , which is published as supporting information on the PNAS web site). The most straightforward interpretation of these results is that under all conditions a major fraction of the subunits in the T quaternary structure has the kinetic properties of the R quaternary structure; changing solution conditions simply alters this fraction, which varies from Ϸ0.4 to 0.8 ( Fig. 2 Inset) .
The obvious possibility to be ruled out is that R-like kinetic properties appear in the T Ϫ gels because the molecules have switched to the R quaternary structure in the 10-to 15-min interval between adding CO and recording the kinetics. To exclude this possibility, we took advantage of the known enormous sensitivity of the rate of the T-to-R transition on fractional saturation with ligand, which, in solution, decreases by Ϫ10
8
-fold when the number of bound ligands decreases from 4 to 0 (27, 29, 30) . The change in the geminate yield with time was therefore compared on T Ϫ gels initially 100% or 50% saturated with CO. When the initial saturation was 100%, a slow increase in the Shown are deoxyhemoglobin in the T quaternary structure (a) (Protein Data Bank ID code 4HHB) and oxyhemoglobin in the R quaternary structure (b) (Protein Data Bank ID code 1HHO). The quaternary conformational change consists of a 15°relative rotation of the ␣␤ dimers that are interchanged by the twofold symmetry (C 2) axis. (c) A comparison of the tertiary structures, using the invariant interface between ␣ and ␤ subunits of the ␣␤ dimer as a reference (37), is shown. 
The p50 of the T ϩ gels is independent of pH between 6.6 and 7.6.
amplitude of the geminate phase was observed with a half-time of Ϸ360 min (Fig. 3c) , which is Ϸ10 8 -fold slower than the T-to-R transition for the fully liganded molecule in solution (14, 27, 29, 30) . However, with an initial saturation of 50%, there is no detectable change in the geminate yield after 800 min (Fig. 3c) , consistent with the expectation that the rate of the T-to-R quaternary change at partial saturation with CO would be dramatically slowed. This result provides convincing evidence that the R-like geminate rebinding is occurring in the T quaternary structure. † † Our discovery that a major fraction of the subunits in the T quaternary structure have R-like properties is obviously inconsistent with the MWC model. Because the fraction is independent of the initial saturation (Fig. 3c) , the results cannot be † † This result also rules out the possibility of dimer formation, which is also very sensitive to the fractional saturation with ligand and occurs only at much lower protein concentrations than those employed in our experiments (41). 3, 80% of the oxygenated subunits switch from t to r, whereas the CO photolysis experiments indicate that 65% of the oxygenated subunits switch from t to r. For O 2 binding to the R quaternary structure in the absence of allosteric effectors, all liganded subunits of R are in the r conformation. Fitting the solution kinetic data for CO rebinding with the TTS model predicts that Ϸ40% of the unliganded subunits in the R quaternary structure are in the t tertiary conformation (l R ϭ 0.7) (30). Only one representative species from the most probable microstate, defined by the number of liganded and unliganded r and t subunits, is shown for each ligation state. (c) CO photolysis experiments on hemoglobin encapsulated in the gel. CO rebinding is complete in milliseconds before either tertiary or quaternary conformations change. explained by a sequential model because this model requires the functional properties to depend on the number of ligands bound to the tetramer (7). Our results can, however, be readily explained by the recently proposed tertiary two-state (TTS) allosteric model (30) , in which there is incomplete coupling between the tertiary and quaternary structures. The TTS model is one of the limiting cases of the more general model of Herzfeld and Stanley (31, 32) , which encompasses both the MWC and Koshland-Nemethy-Filmer (KNF) models, as well as all possible combinations of the two. Tertiary conformational changes also play a central role in the Szabo and Karplus model, based on the Perutz stereochemical mechanism (8, 10, 22, 33) . In the TTS model, shown schematically in Fig. 4a , there are only two functionally different conformational states, as in the MWC model. However, these states correspond to r and t tertiary conformations of individual subunits rather than the R and T quaternary conformations of the MWC two-state model. Ligation and the R quaternary structure bias a subunit toward the high-affinity r tertiary conformation, whereas deligation, the T quaternary structure, and negative allosteric effectors favor the low-affinity t tertiary conformation. The TTS model preserves the central idea of MWC, that ligand binding without a change in quaternary structure is noncooperative, but, unlike the MWC model, it allows for variation in the affinity of the R and T quaternary structures. According to the TTS model, in both crystals of T hemoglobin and in deoxygenated gels encapsulated in the presence of allosteric effectors, all four liganded subunits remain in the t tertiary conformation upon ligand binding, explaining the striking finding of identical affinities under the two conditions (Fig. 2) (30) . In the absence of allosteric effectors (T Ϫ ), the affinity is higher because ligation switches some fraction of subunits from t to r, but the quaternary structure remains T (Fig. 4b) .
The explanation of the CO rebinding kinetics in gels is very similar. In the T ϩ gels, the subunits liganded with CO remain in the t conformation, whereas in the T Ϫ gels CO binding converts a substantial fraction of the subunits to the r conformation (Fig.  4c) . After photodissociation, the r subunits in the T quaternary structure remain in the r conformation because the kinetic constraints of the gel prevent any r-to-t transition before the millisecond completion of CO rebinding. The lack of exact superposition of the T Ϫ curves with linear combinations of R and Table 2 , which is published as supporting information on the PNAS web site, gives the rate coefficients used in simulating the kinetic and equilibrium experiments in the T Ϫ gel, together with those obtained from nanosecond photolysis studies of the CO complex (30) and the rate coefficients obtained for the overall binding and dissociation rates for CO and O 2 (42) . Difference in solution conditions of temperature and pH required only small adjustments to obtain rate coefficients that reproduced the gel photolysis and oxygen equilibrium data. Shown are the fraction of deoxyhemes, f(deoxy), as a function of time after photodissociation of T Ϫ molecules with varying values of the slowing factor (a) and the fraction of each of the six species in the T quaternary structure as a function of time after photodissociation of T Ϫ molecules with ϭ 1 (b), ϭ 10 3 (c), and ϭ 10 6 (d). The differential equations were solved by using the program MLAB.
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PNAS T ϩ curves can be explained by a lack of complete averaging among the conformational substates of r and t during rebinding ( Fig. 3b) (30) . The T quaternary structure is expected to bias the distribution of liganded r toward the more slowly reacting r substates to produce a smaller geminate yield and therefore also a slower bimolecular rate [the bimolecular rate is the product of the rate of ligand entry into the heme pocket and the geminate yield (30)], whereas the heterotropic effectors would bias the liganded t distribution in T toward the more slowly rebinding t substates. To more quantitatively understand the effect of slowing tertiary conformational changes by the gel, we carried out kinetic simulations by using the TTS model with varying slowing factors, , on the rate coefficients. The kinetic scheme of the TTS model for each quaternary structure is (30) tx^t.x^t ϩ x 1 2 1 2 1 2 rx^r.x^r ϩ x, [1] where tx and rx are liganded subunits and t.x and r.x are subunits with the ligand dissociated from the heme but inside the protein.
Almost all of the rate coefficients of this scheme have been well determined, thanks to decades of research on the kinetics of hemoglobin ligand binding and dissociation (20, 34) . Fig. 5 shows the results of numerically integrating the coupled differential equations of the above scheme with varying values of that slow the tertiary conformational changes in T Ϫ gels. For simplicity, we have treated the tertiary conformational kinetics as proceeding with a simple exponential time course rather than the stretched exponential time course observed in experiments ( Fig. 7 and Table 1 , which are published as supporting information on the PNAS web site) (27, 30, 35, 36) . Because the tertiary changes are apparently slowed less by the gel than the quaternary change, which is presumably related to the difference in the extent of the conformational changes (compare quaternary and tertiary changes in Fig. 1 ), we can estimate an upper limit of Ϸ10 8 for the slowing factor by comparing the half-time of 360 min for the fully liganded T Ϫ gel with the predicted rate in solution (27, 29, 30) . For ϭ 1 (i.e., no gel constraints), the r-to-t conformational change is so fast that there is very little geminate rebinding, and the rebinding kinetics are virtually identical to those of the T ϩ gel (Fig. 3a) in which all of the liganded subunits have the t conformation ( Fig. 5 a and b) . For Ն 10 6 , the rebinding curves are identical and reflect the relative populations of r and t before photolysis because CO rebinding is complete before any tertiary conformational changes can occur (Fig. 5 a and d) . At intermediate (10 6 Ͼ Ͼ 1), the kinetics become more complex, but for Ն 10 3 , the geminate yield does not change and is therefore an accurate measure of the fraction of liganded subunits in the T quaternary structure that are initially in the r tertiary conformation (Fig. 5a ).
An important test of our interpretation of the results in terms of the TTS model is the self-consistency of the COrebinding kinetics (Fig. 3b ) and the O 2 equilibrium binding curves (Fig. 2) . Kinetic simulations (Fig. 6) show that oxygen dissociation is so much faster than CO dissociation that equilibrium can be achieved in oxygen-binding experiments even if the tertiary conformational changes are slowed by as much as the factor of 10 8 -fold that we estimate for the T-to-R quaternary conformational change (Fig. 1) . With frozen tertiary and quaternary conformations in photolysis experiments and tertiary but not quaternary equilibrium in the oxygenbinding measurements, the TTS model predicts that the fraction of liganded subunits in the r conformation in the T quaternary structure measured in photolysis experiments is related to the ratio of O 2 affinities in the absence (T Ϫ ) and presence (T ϩ ) of saturating concentrations of allosteric effectors (Fig. 2 ) by the following:
The data in Fig. 2 Inset show that the fractions calculated from the oxygen-binding curves in the absence and presence of chloride ions and as a function of pH are in good agreement with the values derived from the CO kinetic experiments under identical conditions. The slightly higher fractions in the oxygen-binding experiments may ref lect differences in the ratio of r and t affinities for the two ligands.
In summary, we have shown that a simple but important extension of the MWC model straightforwardly explains our Table 2 . (a) Addition of CO at 760 torr CO (1 torr ϭ 133 Pa) (1.13 mM at 15°C). (b) Addition of O 2 at the p50 of 26 torr. Even for the maximum of 10 8 , equilibrium with respect to oxygen binding at the p50 of 26 torr is achieved in Ϸ15 min, which is the typical time required for equilibration of the system (gas lines, flow cell, suspending medium, and gels). Because of the much slower dissociation rate for CO compared with O 2, the amount of time required to achieve equilibrium after adding CO is more than 100 times greater. If K t͞Kr are the same for CO and O2, this result suggests, as does the possible long time for equilibration after CO rebinding in the photolysis experiments (Fig. 5c) , that the fraction of r subunits in the liganded T Ϫ molecules determined in kinetic experiments will always be equal to or less than the fraction observed in the oxygen-binding experiments. This kinetic effect provides an alternative explanation for the lower fraction of r subunits obtained from CO kinetic experiments, compared with the O 2 equilibrium experiments, and also suggests that the variation in rebinding kinetics previously observed for different encapsulation protocols is most probably associated with different values of (24) . discovery of R-like subunits in the T quaternary structure and also provides a coherent and quantitative explanation of the kinetic and equilibrium properties of hemoglobin in crystals, solution, and gels. The change in oxygen affinity caused by heterotropic effectors without a change in quaternary structure is readily explained by the TTS model as resulting from an alteration in the equilibrium between low-affinity t and high-affinity r tertiary conformations. Because lattice constraints prevent the tertiary conformational changes that occur in solution (17) (18) (19) 37) , solution NMR spectroscopy (38) will most probably be required to identify the functionally relevant structural differences between r and t. Finally, the results of our study suggest that it will be interesting to apply the TTS model to other systems in which neither the MWC nor sequential models adequately describe allosteric behavior (39, 40) .
